The adsorption properties of Ukrainian Transcarpathian clinoptilolite towards aqueous cadmium(II) solutions under static and dynamic conditions have been investigated. It has been demonstrated that cadmium(II) ions are most effectively adsorbed from sulphate solutions. The value of the adsorption capacity of clinoptilolite increased as the concentration of cadmium(II) increased in solution. The dynamic adsorption capacity of clinoptilolite towards a cadmium(II) solution at pH 5.6 under optimum conditions [adsorbent modified by heating at 130-170ºC for 2.5 h; diameter of zeolite grains equal to ca. 0.20-0.31 mm; rate of flow of cadmium(II) solution of 500 ng/ml concentration through adsorbent equal to 3 ml/min] was 1.25 mg/g, while at pH 10.5 this was 3.0 mg/g. The optimal mixture for the desorption of cadmium was found to be 14 volumes of HCl (1:2) to 1 volume of conc. HNO 3 . The extraction of cadmium under these conditions was 95%.
INTRODUCTION
Since natural zeolites contain pores and holes whose dimensions are strictly defined, such materials are effective adsorbents for organic and inorganic substances, particularly heavy metals (Breck 1976; Tsitsishvili et al. 1985; Kesraoui-Ouki et al. 1994; Vasylechko et al. 1998; Filonenko et al. 1996; Tarasevich 1988 Tarasevich , 1998 . Normally, modified fine silica is used for the concentration of heavy metals from aqueous solution employing a solid-phase extraction process (Kholin and Zaitsev 1997; Gaver 1999; Zaporozhets et al. 1998) . However, samples of silicon oxide based on silica gels dissolve at pH > 9.0 (Gaver 1999) so that the application of such adsorbents is limited in some cases. In contrast, natural zeolites are stable towards aggressive media over a wide range of pH values, they exhibit unique adsorption, ion-exchange, molecular sieve and catalytic properties, and their regeneration may be achieved at relatively low cost. In addition, they allow the degree of saturation of water by oxygen to be increased and are thereby of value over a range of fields of human activity.
During recent years, there has been increasing interest in the adsorption properties of Ukrainian Transcarpathian zeolites towards heavy metals. Thus, it has been demonstrated that Transcarpathian modernite is an effective adsorber of copper(II) (Vasylechko et al. 1996; Oliferchuk et al. 1996) , cadmium(II) (Butsko et al. 1993; Oliferchuk et al. 1996) , nickel(II) (Starosta et al. 1997b ); Oliferchuk et al. 1996) , iron(III), chromium(III) and lead(II) (Oliferchuk et al. 1996) . In addition, the adsorption properties of Transcarpathian clinoptilolite have also been investigated widely. This zeolite has been shown to be useful for the concentration of trace amounts of copper(II) (Vasylechko et al. 1999a ), platinum metals (Vrublevs'ka et al. 1999 , nickel(II) (Starosta et al. 1997a; Gomonaj et al. 1998 ) and lead(II) (Kosenko et al. 1996) , and for the removal from aqueous solution of mercury(II), chromium(III), nickel(II) (Gomonaj et al. 1996a (Gomonaj et al. ,b, 1998 , iron and manganese ions (Tarasevich et al. 1985; Tarasevich 1998) . The adsorption of cadmium(II) ions from aqueous solution by this zeolite has been investigated in the present study.
EXPERIMENTAL

Reagents
The clinoptilolite employed was from the deposit near the village of Sokyrnytsa in the Ukrainian Transcarpathian region. Analysis showed that the main component was present to the extent of 85-90%. The specific surface area of this clinoptilolite has already been established as 59.0 m 2 /g (Vasylechko et al. 1999a) . The chemical composition of this zeolite in the oxide form was found to be (Tarasevich et al. 1991) The clinoptilolite was ground in a ball mill, the grain fraction of 0.20-0.31 mm size selected, washed with distilled water and heated at an appropriate temperature in a drying oven or muffle furnace for 2.5 h. The final material obtained from this procedure was cooled and stored in a desiccator.
Aqueous solutions of cadmium sulphate, cadmium nitrate and cadmium chloride (Cd 2+ concentration = 1 mg/ml), 0.1 M aqueous solutions of KOH, 2 M aqueous solutions of NaCl, aqueous solutions of HNO 3 (1:1), HCl (1:1), NH 3 (1:1) and a 0.025% solution of sulpharsazene in a 0.05 M solution of borax were all prepared from high-purity reagents.
Adsorption measurements
The adsorption properties of clinoptilolite were studied under dynamic and static conditions. For dynamic measurements, the method used was that described by Vasylechko et al. (1996) employing a flow rate of the cadmium(II) solution of 3 ml/min through the adsorbent and determining its passage through the formation of an orange-coloured complex with sulpharsazene (Shcherbov and Matveyets 1973). Sulpharsazene changes colour from yellow to orange when the minimum concentration of Cd 2+ ions in solution is 100 ng/ml, thereby allowing the passage of the ions to be detected either visually or by means of a KFK-ZM photometer (LOMO, St. Petersburg) at a wavelength of 510 nm. In order to recover the adsorbed cadmium from the clinoptilolite bed, 15 ml of a solution containing 14 volumes of HCl (1:2) to 1 volume of conc. HNO 3 was employed as an eluent at a flow rate of 1 ml/min, the eluates being collected in 25 ml volumetric flasks which were made up to the mark with doubly distilled water.
The concentration of trace amounts of cadmium(II) ion under static conditions was determined by adding 50-500 ml of the solution under test to a 500 ml volume conical flask containing 0.6 g of the prepared zeolite sample and allowed to remain in contact with the adsorbent for 24 h with occasional shaking. Desorption was performed using 15 ml of the eluent described above at a contact time of 15 min. Again, the filtrate was transferred to 25 ml volumetric flasks and made up to the mark with doubly distilled water. In both the static and dynamic methods, the cadmium(II) contents of the eluates obtained after desorption were estimated by atomic absorption spectroscopy employing an AAS-1N spectrometer with a three-aperture burner with a propane/butane/air flame at a wavelength of 228.8 nm. The adsorption and desorption studies were conducted at a temperature of 20 ± 1ºC.
RESULTS
Although Fe 3+ ions are known to interfere with the photochemical determination of cadmium(II) based on its reaction with sulpharsazene, Shcherbov and Matveyets (1972) showed that the presence of a 12.5-times excess of Fe 3+ ions had no influence on such a determination. However, since iron is one of the constituent elements of clinoptilolite (Tarasevich et al. 1991) , in the present work the total quantity of Fe 3+ ions in the solutions studied was estimated by passage of the cadmium(II) solutions of different acidity (pH = 1.5-12.8) through clinoptilolite under dynamic conditions. The quantity of Fe 3+ ions present in the effluent was then determined by photometric methods employing sulphosalicylic acid and shown to be less than 1 mg/ml in each case. Since the sensitivity of the spectrophotometric estimation of cadmium(II) with sulpharsazene was 0.1 mg/ml, the ratio of Fe/ Cd in the solutions emerging from the column was less than 10 even under acidic conditions. For this reason, the Fe 3+ ions extracted from the clinoptilolite column as a result of the passage of cadmium(II) solutions had no influence on the estimation of the latter by the sulpharsazene method.
Earlier work (Vasylechko et al. 1996 (Vasylechko et al. , 1999b showed that the nature of Cu 2+ and Cd 2+ ions influences their adsorption capacity on Transcarpathian mordenite. In the present work, under static conditions and irrespective of the nature of the anion involved, it was found that the adsorption capacity of Transcarpathian clinoptilolite increased considerably as the concentration of cadmium(II) increased in the aqueous solutions studied, although the maximum effect was observed with the corresponding aqueous sulphate solutions (see data listed in Table 1 ). For this reason, all subsequent adsorption studies were conducted employing aqueous solutions of cadmium(II) sulphate. The adsorption capacity of Transcarpathian clinoptilolite towards cadmium(II) increased with a decrease in the granule size of zeolite employed, both under static (Table 2 ) and dynamic (Table 3) conditions. However, the zeolite dispersion had a greater influence on the adsorption capacity under dynamic conditions. Thus, changing the dimensions of the clinoptilolite granules from 0.8-1.0 mm to 0.20-0.315 mm dimensions led to a 30-times increase in the adsorption capacity under dynamic conditions but only a 1.4-times increase under static conditions. However, it was found that the use of granules with dimensions less than 0.20-0.315 mm diameter caused experimental difficulties since such highly dispersed adsorbents generated a high resistance to solution flow under dynamic conditions. For this reason, clinoptilolite granules of 0.20-0.315 mm dimensions were chosen as the optimum in subsequent experiments. Previous studies have shown that the adsorption capacities exhibited by Transcarpathian zeolites towards heavy metals were influenced considerably by preliminary thermal treatment of the adsorbent (Vasylechko et al. 1996 (Vasylechko et al. , 1999a . In the present work it was found that the adsorption capacity of clinoptilolite towards cadmium(II) increased when the temperature for the thermal treatment of the adsorbent was increased from 100ºC to 130ºC. Further increase in the treatment temperature over the range 130-170ºC did not change the adsorption capacity further, with the latter exhibiting a maximum value after treatment in this temperature range. When thermal treatment was conducted above 170ºC, however, a decrease in the adsorption capacity of the clinoptilolite samples occurred (Figure 1) . On the basis of such experimental data, the clinoptilolite samples used for subsequent investigations were all initially subjected to heat treatment for 2.5 h at 140ºC.
The dependence of the adsorption capacity of clinoptilolite on the acidity of the cadmium(II) solution was investigated under both dynamic and static conditions (Figure 2) . In such experiments, the pH of the cadmium(II) solutions was adjusted by the addition of H 2 SO 4 or KOH solutions. The data depicted in Figure 2 demonstrate that the dependence of the adsorption capacity of the adsorbent on the pH of the adsorbate solution was similar irrespective as to whether static or dynamic conditions were employed. In both cases, two maxima for adsorption occurred at pH values of 5.6 and 10.5, respectively, with the maxima for adsorption under dynamic conditions being more clearly defined. As far as the minima in the curves are concerned, Figure 2 shows that that observed under static conditions occurred at pH 8.0 whilst under dynamic conditions the adsorption capacity exhibited a broad minimum over the pH range 6.8-8.5.
Aqueous solutions of KCl, NH 3 , HCl, HNO 3 and mixtures of the two acids at different concentrations were tested in a search for an efficient desorbent of cadmium(II) from clinoptilolite. The results of such studies are listed in Table 4 which indicates that the best desorbent found was one consisting of 14 volumes of HCl (1:2) to 1 volume of concentrated HNO 3 . 
DISCUSSION
As seen from the data listed in Table 1 , cadmium(II) is most effectively adsorbed from aqueous solutions of its sulphate salt, the adsorption capacities of clinoptilolite towards the nitrate or chloride solutions being only one-half of that towards the sulphate. The decrease in the adsorption capacity from cadmium(II) chloride solutions may be explained by the formation of cadmium halogenide autocomplexes which do not dissociate completely in aqueous solution but tend to form acido complexes, e.g.
Such behaviour would lead to a decrease in the Cd 2+ ion concentration in the solution. However, it should be noted that such complex formation is most likely to occur in dilute solutions; in solutions containing an excess of chloride ions, complexes containing four to six chloride ions are most likely to be generated (Prokofyev 1981) . It has been shown that such cadmium complexes are adsorbed only to a very limited extent by clinoptilolite. Thus, when KCl or NaCl were added to aqueous solutions of cadmium(II) sulphate, the adsorption capacity of clinoptilolite towards cadmium(II) diminished considerably. However, the low adsorption capacity of the zeolite towards cadmium(II) nitrate solutions cannot be explained by a similar complexation process, since such solutions do not contain considerable quantities of complex ions. It has been established previously that Transcarpathian mordenite also exhibits an enhanced adsorption capacity towards Cd 2+ ions from sulphate solutions (Vasylechko et al. 1999b ).
The formation and stability of soluble forms of cadmium depend on many parameters, but particularly upon its concentration (Prokofyev 1981) . In our opinion, the mere formation of different chemical forms of cadmium is sufficient to explain the strong dependence of the adsorption capacity of clinoptilolite on the concentration of cadmium(II) in the aqueous solutions studied ( Table 1) .
The heat treatment of zeolite is known to be accompanied by the elimination of water. Detailed thermogravimetric studies of Transcarpathian clinoptilolite have been described previously (Vasylechko et al. 1999a) . The data depicted in Figure 1 indicate that the maximum adsorption capacity of clinoptilolite towards cadmium(II) coincided with thermal treatment of the adsorbent over the temperature range 120-170ºC, which corresponds to the removal of physically bonded water as established by thermogravimetric studies. This leads to the conclusion that the active adsorption centres on the clinoptilolite surface are associated with -OH groups. This is also supported by the decrease observed in the adsorption capacity of clinoptilolite after its subjection to heat treatment at high temperatures (up to 500ºC) (Figure 1) . At these temperatures, dehydroxylation of the zeolite surface occurs with chemisorbed water being eliminated at temperatures in the range 520-620ºC (Vasylechko et al. 1999a) . Low adsorption capacities for clinoptilolite after heat treatment at higher temperatures could be caused by amorphization (Senderov and Petrova 1990) . The dependence of the adsorption capacity of clinoptilolite on the temperature of its previous heat treatment in the range 200-260ºC demonstrates that such samples were thermally stable (Figure 1) . It is interesting to note that over the same temperature range the loss of water from clinoptilolite was limited by pore diffusion (Vasylechko et al. 1999a ).
As mentioned above, plots of the dependence of the adsorption capacity of clinoptilolite on the pH values of the cadmium(II) solutions studied exhibited two maxima at pH values of 5.6 and 10.5, respectively, with the maximum at pH 10.5 exhibiting an adsorption capacity which was 2.5-times greater than that exhibited at pH 5.6 ( Figure 2) . The dependence of the adsorption capacity of Transcarpathian mordenite on the pH value of aqueous cadmium(II) solutions also exhibited two maxima at pH values of 5.3 and 10.3, respectively. However, in that case and in contrast to the situation with clinoptilolite, the value of the adsorption capacity of mordenite at pH 5.3 was twice that at pH 10.3 (Vasylechko et al. 1999b) . Such a dependence of the adsorption capacities of Transcarpathian zeolites on the pH values of the aqueous solutions of the adsorbent ions provides clear evidence that different soluble complexes of cadmium(II), notably the aqua-and hydro-complexes, are adsorbed by these zeolite forms. At low cadmium concentrations in the pH range 5-7, hydrated forms of Cd 2+ ions exist in their aqueous solutions whilst in alkaline solution CdOH + ions prevail (Prokofyev 1981; Nabyvanets et al. 1996) . The adsorption properties of Transcarpathian zeolites established in the present and previous studies permit their use for concentrating microquantities of Cd 2+ ions from solutions of different acidity.
The most effective desorbent of cadmium(II) from Transcarpathian mordenite was found to be aqueous solutions of NaCl (Vasylechko et al. 1999b; Butsko et al. 1993) . However, an aqueous solution of NaCl was only capable of desorbing 85% of cadmium(II) adsorbed on clinoptilolite. As far as clinoptilolite is concerned, it is known that sorbed Cu 2+ ions form Cu(OH) 2 on its surface (Tarasevich and Sivalov 1978) and for this reason it is not unreasonable to assume that sorbed Cd 2+ ions may be capable of forming Cd(OH) 2 on the surface of this adsorbent. This assumption is supported by the fact that the complete desorption of cadmium(II) from natural clinoptilolite could only be achieved by the use of a mixture of HCl and HNO 3 acids (Table 4 ). The use of ammonia solutions was unsuccessful in the desorption of cadmium(II) from clinoptilolite, thereby providing evidence for the limited contribution of complexation in the desorption process.
The data obtained in the present study also demonstrate that the adsorption capacity of clinoptilolite towards cadmium(II) was greater under dynamic than under the corresponding static conditions (data listed in Tables 2 and 3 and depicted in Figure 2 ). Under optimum conditions (heat treatment of adsorbent at 140ºC for 2.5 h; diameter of zeolite granules equal to 0.20-0.31 mm), the dynamic adsorption capacity at a flow rate of 3 ml/min for a cadmium(II) solution of concentration 500 ng/ml was equal to 1.25 mg/g clinoptilolite at pH 5.6 and 3.0 mg/g clinoptilolite at pH 10.5. It should be noted that the adsorption capacity of clinoptilolite increased considerably when the cadmium(II) was adsorbed from more concentrated solutions (Table 1) .
The results obtained indicate that Transcarpathian clinoptilolite is a most effective adsorbent of cadmium(II) from aqueous solutions. Indeed, the high adsorption capacity exhibited by this zeolite, especially under dynamic conditions, suggests its use for purifying various solutions and waters from cadmium admixtures as well as for the concentration of cadmium(II) in sample preparation for analysis purposes.
CONCLUSIONS
The adsorption properties under static and dynamic conditions of natural clinoptilolite obtained from deposits near the village of Sokyrnytsa (Ukrainian Transcarpathian region) towards aqueous solutions of cadmium(II) ions have been investigated. It has been established that the adsorption capacity of this natural zeolite towards the ions studied is higher under dynamic rather than static conditions.
The nature of the anion associated with the cadmium(II) salt influenced the adsorption capacity of the clinoptilolite, with cadmium(II) being most effectively adsorbed from its sulphate solutions. As the cadmium(II) concentration in the adsorbate solutions increased, the adsorption capacity of Transcarpathian clinoptilolite also increased. Under optimal conditions (heat treatment of adsorbent for 2.5 h at 130-170ºC; diameter of zeolite grains in the range 0.20-0.31 mm; rate of flow of cadmium(II) solution of concentration 500 ng/ml through adsorbent equal to 3 ml/min), the dynamic adsorption capacity of clinoptilolite towards cadmium(II) was 1.25 mg/g clinoptilolite at pH 5.6 and 3.0 mg/g clinoptilolite at pH 10.5.
The best desorbent for cadmium(II) from clinoptilolite was found to be a mixture consisting of 14 volumes of HCl (1:2) to 1 volume of conc. HNO 3 . Use of this desorbent mixture led to the extraction of 93% of cadmium(II) from the adsorbent.
